Membrane fusion in eukaryotic cells is thought to be mediated by a highly conserved family of proteins called SNAREs (soluble N-ethyl maleimide sensitive-factor attachment protein receptors). The vesicle-associated v-SNARE engages with its partner t-SNAREs on the target membrane to form a coiled coil that bridges two membranes and facilitates fusion. As demonstrated by recent findings on the hemifusion state, identifying intermediates of membrane fusion can help unveil the underlying fusion mechanism. Observation of SNARE-driven fusion at the single-liposome level has the potential to dissect and characterize fusion intermediates most directly. Here, we report on the real-time observation of lipid-mixing dynamics in a single fusion event between a pair of SNARE-reconstituted liposomes. The assay reveals multiple intermediate states characterized by discrete values of FRET between membrane-bound fluorophores. Hemifusion, flickering of fusion pores, and kinetic transitions between intermediates, which would be very difficult to detect in ensemble assays, are now identified. The ability to monitor the time course of fusion events between two proteoliposomes should be useful for addressing many important issues in SNARE-mediated membrane fusion.
S
ingle-liposome fluorescence imaging (1-5) is a powerful method for observing and dissecting the fusion dynamics of biological membranes (6) (7) (8) . Because it can follow directly the time course of a single reaction without the need for synchronization, the single-liposome approach has the potential to clarify important issues that spatiotemporal averaging in ensemble measurements cannot.
Soluble N-ethyl maleimide sensitive-factor attachment protein receptor (SNARE) proteins are involved in membrane fusion during exocytosis and vesicular trafficking (9) (10) (11) . Recent studies provided evidence that SNARE-mediated fusion transits through hemifusion (12) (13) (14) (15) (however, see also ref. 16 ), similar to the fusion pathway proposed for type I (17, 18) and II viruses (19, 20) and lipidic membrane fusion (1, 21) . Hemifusion is a metastable membrane structure in which the outer leaflets are merged but the inner leaflets remain intact (22) . It has been shown that the rate of inner leaflet mixing is slower than that of outer leaflet mixing in a SNARE-reconstituted fusion reaction (15) . The lipid mixing was also shown to occur earlier than aqueous content mixing in fusion between native vacuoles (14) . These results are in favor of the mechanism through hemifusion (22) . However, an alternative mechanistic model in which hemifusion is designated as an offpathway state that can be reversed by liposomes detachment can explain the results equally well (15) . This issue of hemifusion along with many other compelling questions surrounding the topic of SNARE-induced membrane fusion may be clearly addressed by observing a fusion event at the level of single liposomes.
We have established a fluorescence-based single liposome fusion assay that enables us to monitor lipid mixing between two proteoliposomes in real time. Previous approaches have been focused on fusion of single liposomes with larger-scale membranes such as supported (1) (2) (3) (4) or plasma membranes (5) . The fluorophores contained in single liposomes then inevitably diffuse away subsequent to fusion. In contrast, the fusing objects in our assay, two proteoliposomes, constitute a small closed system. The number of fluorophores therefore is preserved throughout the fusion process such that each fusion intermediate with a certain degree of lipid mixing corresponds to a discrete FRET value. The dwell time in each intermediate can also be precisely determined. As a result, the complete lipid-mixing dynamics of SNARE-mediated fusion, that is, from docking to full fusion, has been monitored and dissected in detail.
Results and Discussion
Single-Liposome FRET Assay for SNARE-Induced Membrane Fusion.
Liposome fusion mediated by recombinant SNAREs, Sso1pHT, Sec9c, and Snc2pF, which are involved in trafficking from Golgi to the plasma membrane in yeast was imaged by using total internal reflection FRET microscopy ( Fig. 1a) (23) (24) (25) . Sso1pHT (the yeast counterpart of neuronal t-SNARE syntaxin) was reconstituted into unilamellar liposomes {1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)/1,2-dioleoyl-sn-glycero-3-[phospho-L-serine] (DOPS) (mol/mol) ϭ 65:35} that contain the membraneintercalating f luorescent donor 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine perchlorate (DiI) (2 mol%). Another t-SNARE Sec9c (neuronal SNAP-25 analogue) was prepared as a soluble protein and added to the Sso1pHT-proteoliposomes to form t-SNARE liposomes. The v-SNARE Snc2pF (neuronal synaptobrevin analogue) was reconstituted into a separate population of unilamellar liposomes that contain the membrane fluorescence acceptor 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindodicarbocyanine perchlorate (DiD) (2 mol%) and biotinylated lipids (0.1 mol%). Lipid-to-protein ratio was kept at 100:1, and proteoliposome diameter was 94 (Ϯ23) nm as determined by electron microscopy (Fig. 1b) .
The v-SNARE liposomes were attached to a quartz surface coated with PEG (23), which eliminates nonspecific surface adhesion of liposomes. Immobilization was achieved by biotinylated lipids on the liposome and PEG-bound neutravidins (Fig. 1a) . Then, the t-SNARE liposomes were flowed in at 100 pM concentration at 37 (Ϯ2)°C, while donor and acceptor fluorescence from single liposomes was being recorded with 100-or 900-ms time resolution. The very low concentration of t-SNARE liposomes minimizes interaction of multiple t-SNARE liposomes with a single v-SNARE liposome. Because the direct excitation of the acceptor fluorophores in the v-SNARE liposomes (with 532-nm laser wavelength used) was negligible, we did not see appreciable fluorescence signal until a t-SNARE liposome docked to a v-SNARE liposome. Lipid mixing between the two liposomes caused by fusion would lead to an increase in FRET efficiency, E, defined as I A /(I D ϩ I A ), where I D and I A are the donor and the acceptor fluorescence intensities, respectively (23) (24) (25) . We assume that there is only a single productive fusion site per pair of liposomes, which is reasonable considering the small size of the liposomes.
Calibration of FRET Efficiency. Sec9 is known to be required for yeast SNARE-mediated membrane fusion (26) . The conventional ensemble fusion assay of our t-and v-SNARE liposomes also clearly shows that Sec9c is essential for inducing membrane fusion in solution [supporting information (SI) Fig. 5 ]. We tested whether the same is true here for our single-liposome fusion assay. In the absence of Sec9c, we observed a final E distribution centered at Ϸ0.08 and all Ͻ0.25 ( Fig. 1c ; obtained after 30 min of reaction). The finite but low E values suggest close contact or docking between the donor and the acceptor liposomes without a high degree of lipid mixing between the liposomes (state D in Fig. 2k and see SI Fig. 6 for individual fluorescence time traces). In contrast, inclusion of Sec9c in the reaction [Sec9c/Sso1pHT (mol/mol) ϭ 2:1] led to a major population at E ϭ 0.67 in the final E distribution ( Fig. 1d ; obtained after 30 min of reaction), indicating significant lipid mixing. The relatively broad E distribution can be attributed to size variation of liposomes and measurement noise. When the v-and t-SNARE liposomes were allowed to fuse in bulk solution (see Materials and Methods) and later adhered on the surface, the E distribution was very similar to that of fusion induced on the surface except for a small shift in the peak to E Ϸ 0.75 (Fig. 1e) . In addition, protein-free liposomes with 1% mol of DiI and DiD, which would approximate the completely mixed liposomes, gave a peak at a similar E value (Ϸ0.8) (SI Fig. 7) . Therefore, our single liposome assay faithfully recapitulates the main features of SNAREmediated fusion in solution, including the requirement of Sec9c, and we assign the E Ϸ 0.65 as an indicative of full fusion where both inner and outer leaflets have been mixed (state F in Fig. 2k ). The slight lower E values for fusion reactions on the surface may possibly be caused by the acceptor fluorophores that are confined at the immobilization site crowed with neutravidin molecules (27) .
If a lower Sec9c concentration was used (Sec9c/Sso1pHT ϭ 1:1), the final E distribution showed a major peak at E ϭ 0.35 instead (Fig. 1f ) , indicating that SNARE-induced fusion can produce final states different from full fusion. Because bulk solution studies detected primarily hemifusion when low protein concentration was used (12, 18), we tentatively assign E ϭ 0.35 to hemifusion and set , and f were induced on surface (as illustrated in a), whereas in e, fusion was induced in bulk solution and the products were subsequently immobilized on the quartz surface for observation. We notice that after 30 min of reaction the fraction of the population that remains at the docked state varies significantly sample by sample. a threshold at E ϭ 0.5 for deciding whether full fusion has occurred or not. Our assignment is also supported by observing fusion between phosphatidylethanolamine (PE)-containing vesicles. A PE lipid molecule has a small head group compared with its hydrocarbon chains, thus creating a spontaneous curvature that helps the formation of the hemifusion state but suppresses the following steps including opening of fusion pores (28) . With 30 mol% PE composition, resultant final E distribution after 30 min of reaction showed significantly enhanced population between 0.25 and 0.44 at the expense of populations with E Ͼ 0.5, which is greatly diminished (SI Fig. 8 ), suggesting again that the hemifusion state has E Ϸ 0.35.
Observing Single-Liposome Fusion Dynamics in Real Time. Singleliposome fusion time traces shown in Fig. 2 a-f demonstrate key advantages of our assay; docking can be clearly distinguished from subsequent fusion and reaction intermediates can be seen directly. Docking of a t-SNARE liposome to a surface-tethered v-SNARE liposome is observed as an abrupt increase of the donor fluorescence intensity, I D , and the FRET efficiency monotonically increases with increasing lipid mixing (observed as an increase in I A accompanied by a concomitant decrease in I D ) ( Fig. 2j and SI Movie 1). Additional docking by another t-SNARE liposome can be ruled out as such an event would display a further sharp increase in I D , which was not observed at the low liposome concentration used (100 pM). The average time between addition of t-SNARE liposomes to the sample and individual docking was 240 s (SI Fig.  9 ), far slower than the subsequent fusion steps (see Fig. 3 ). It is likely that the ensemble fusion kinetic curve (SI Fig. 5 ) primarily reflects the kinetics of docking. Therefore, detailed fusion reaction intermediates would have been very difficult to detect without the postsynchronization (29) afforded by our single-liposome fusion assay.
Of total 314 fusion time traces obtained with both 2:1 and 1:1 ratios of Sec9c/Sso1pHT, 160 traces were classified as the full fusion traces (final E Ͼ 0.5). Three broad classes of the full fusion traces were identified: (␣) direct full fusion without discernible intermediate FRET states above E ϭ 0.25 (33%, n ϭ 53; Fig. 2 a-f ) to fusion intermediates because these values were observed even in the absence of Sec9c and therefore could not be unambiguously distinguished from close docking of liposomes. The majority class ␤ can be further divided according to the number of discrete intermediate steps above E ϭ 0.25: (␤1) one intermediate step (n ϭ 28; Fig. 2 b and c) , (␤2) two intermediate steps (n ϭ 47; Fig. 2 d and e) , and (␤3) three intermediate steps (n ϭ 12; Fig. 2f ) . Thus, our single-liposome assay can identify multiple intermediate steps toward full fusion, providing an opportunity to dissect the pathways and kinetics of SNAREinduced fusion.
The FRET histogram of the first intermediate step for all subclasses ␤1, ␤2, and ␤3 is narrowly peaked at E ϭ 0.33 (standard deviation, ϭ 0.06) (Fig. 2g) , regardless of the Sec9c/Sso1pHT ratio ( Fig. 2 h and i) . Thus, E ϭ 0.33 state can be considered an obligatory intermediate for the majority of full fusion events (that is, in the class ␤). Furthermore, we observed a major population at E ϭ 0.35 at a low Sec9c concentration (Fig. 1f ) or with PE-containing vesicles (SI Fig. 8 ), which was known to favor hemifusion as the final product. Based on these observations, it is highly likely that the first intermediate step at E ϭ 0.33 represents the hemifusion intermediate (state H in Fig. 2k ). Our result is direct evidence that the hemifusion state is the de facto on-pathway intermediate in SNARE-induced fusion instead of being a dead-end product.
Next, we discuss the observation of additional intermediates beyond hemifusion, an unexpected finding that would have been hidden in ensemble fusion experiments. Previous studies suggest that hemifusion could be followed by fusion pore formation and that the pore may close prematurely before inner leaflet lipid mixing is completed (30, 31) . Our data are consistent with such a model of fusion pore flickering provided that the pore closing occurs on a similar time scale to that of complete lipid mixing through an open pore, which would be on the order of 1 ms for unrestricted diffusion of lipids over the liposome surface. Then, the subclass ␤1 would reflect a single fusion pore formation event leading to complete fusion within our time resolution. Likewise, ␤2 would be caused by a premature closing of the pore after partial lipid mixing (state FЈ in Fig. 2k) , which then requires an additional pore opening for complete mixing, and ␤3 with two premature closings (state FЈ and FЉ in Fig. 2k ) and so on. It is plausible that fusion events with more pore flickering (␤4, ␤5, . . . ) could not be detected because of the limited signal-to-noise ratio and time resolution, and such cases may be responsible for the class ␥ fusion trajectories, which do not show discernible steps (Fig. 2k) . These effects we attributed to fusion pore flickering could in principle be caused by a new assembly of fusion complexes instead of being mediated by those formed during hemifusion. This possibility, however, is less likely because of a small area of contact between the two small liposomes.
Dwell Time Analysis of Single-Liposome Fusion.
To gain further insight into the underlying mechanism of these additional intermediates, we carried out the dwell time analysis of the docked state, and the first (state H) and the second (state FЈ) intermediate steps.
Cumulative dwell time plots show that both the first and the second intermediate steps have longer dwell times (t 1 , t 2 ) than the docked state (Fig. 3) . According to the fusion pore flickering model discussed above, both dwell times in the first and the second intermediate steps would be the latent times for opening a fusion pore. Then, it would imply that fusion pore formation after hemifusion faces a larger energetic barrier than hemifusion itself (32, 33) . In fact, typically Ͻ20% of the total time required for full fusion is spent between docking and hemifusion (SI Fig. 12 ), probably suggesting that fusion pore opening is the most time-consuming step. Fig. 3 also shows that the dwell time distributions are not simple exponentials. At least double exponential decay functions were needed to fit the data adequately, indicating a heterogeneous population. Because of the limited observation time (100 ms to hundreds of s), extremely fast or slow lipid mixing dynamics could not be monitored, and the heterogeneity in reaction kinetics may even be more extensive than implied by the double exponential fits. We do not yet understand the origin of the heterogeneity, but one possibility is the variation in the number of active SNARE proteins per liposome. Class ␣, which shows full fusion without the hemifusion intermediate, may indeed contain more active SNARE proteins than average so that the fusion pore opening from the hemifusion state is extremely rapid. However, we cannot technically rule out the possibility that up to one-third of the full fusion events may proceed through a separate pathway that does not involve hemifusion. Observing the single fusion events with a better temporal resolution may be able to reveal whether all SNARE-induced fusion events proceed through hemifusion.
Partially Restricted Hemifusion and Kiss-And-Run-Like Events. Time traces of single-liposome fusion also reveal additional features. For example, in a small number of traces, a gradual FRET increase precedes the hemifusion plateau (between the arrows in Fig. 2b ; see SI Fig. 13 for more fusion traces) . That is, hemifusion may not be achieved in a single step for some cases. We suggest three possibilities. The first is the existence of ''partially restricted'' hemifusion state (18) in SNARE-mediated fusion, where lipid mixing is suppressed by a ring-like arrangement of SNARE complexes, which lines the junction of the t-and v-SNARE liposomes. The second is fast flickering during the formation of the hemifusion state as suggested in a previous ensemble study (15) . Such an effect may be responsible for some docked states with the FRET value as large as Ϸ0.2. The third possibility is a disorganized lipid mixing process caused by a random arrangement of SNARE complexes.
We have also observed kiss-and-run-like events (30, 31) in which total fluorescence signal abruptly decreases after full or nearly full fusion, presumably caused by the detachment of what remains of the t-SNARE liposome from the v-SNARE liposome (n ϭ 4; Fig.  4 ). No such decrease in total fluorescence was observed in the hemifusion or docked states. There is no accompanying FRET change upon such kiss-and-run type of detachment, suggesting that both liposomes have the same degree of lipid mixing upon completion of fusion. dwell times (t1, t2) and the corresponding number of traces (A1, A2) are shown.
Conclusions
Our approach described here provides a general avenue for observing single-liposome fusion events in proteoliposome systems (9, 12, 15, (34) (35) (36) . Modification of the more conventional bulk-phase assays was kept minimal; one type of proteoliposome was attached to a nonsticky surface via specific interaction. Comprehensive controls and calibrations demonstrated that in vitro fusion activity in bulk solution is preserved in singleliposome fusion on surface. Real-time monitoring of SNAREmediated, single-liposome fusion has revealed several key features: existence of hemifusion and additional intermediates on the pathway to full fusion and kinetic information on individual intermediate states. Furthermore, our assay might enable the dissection of the different fates of liposomes after fusion, for example, kiss-and-run type detachment. We should, however, emphasize that our work is based on yeast SNAREs and with a relatively high protein-to-lipid ratio (1:100) and therefore does not yet address the question of whether the SNARE complex is the minimal machinery for fusion (34, 35) . We anticipate that our current demonstration will be a starting point for addressing many important issues of SNARE-mediated membrane fusion. One immediate extension would be the adoption of our assay for the neuronal SNARE-complexin-synaptotagmin system (36) (37) (38) (39) , which may reveal a detailed picture of the Ca 2ϩ -triggering mechanism in neuronal synapses. (26), Sso1pHT, Sec9c, and Snc2pF, were expressed and purified. DNA sequences encoding Sso1pHT (amino acids 185-290) and Snc2pF (amino acids 1-115) were inserted into the pGEX-KG vector between the EcoRI and HindIII sites as Nterminal GST fusion proteins. Sec9c (amino acids 401-651) was inserted into pET-24b(ϩ) between the NdeI and XhoI sites as a C-terminal His 6 -tagged protein. Recombinant GST fusion proteins were expressed in Escherichia coli Rosetta (DE3) pLysS (Novagene, San Diego, CA). The cells were grown at 37°C in LB medium with glucose (2 g/liter), ampicillin (100 g/ml), and chloramphenicol (25 g/ml) until the A 600 reached 0.6-0.8. Isopropyl-␤-D-thiogalactopyranoside (IPTG) was added to a final concentration of 0.5 mM. The cells were grown further for 4 h at 18°C. The cell pellets were collected by centrifuge at 6,000 ϫ g for 10 min then resuspended in resuspension buffer [PBS, pH 7.4, with 0.5% Triton X-100 (vol/vol)] with 2 mM 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF). One percent n-lauroyl sarcosine was added to the lysate after breaking the cells by sonication on ice bath. The supernatant was mixed with glutathione-agarose beads at 4°C for 2 h after centrifuging the cell lysate at 15,000 ϫ g for 20 min at 4°C. The protein-bound beads were washed with an excess volume of washing buffer (PBS with 0.2% Triton X-100, pH 7.4), then washed with thrombin cleavage buffer (50 mM Tris⅐HCl, 150 mM NaCl, 0.8% n-octylglucoside, pH 8.0). Finally, the proteins were cleaved from the resin by thrombin (Sigma, St. Louis, MO) at room temperature for 40 min. After elution, AEBSF (2 mM final concentration) was added to stop the cleavage reaction. The His 6 -tagged protein Sec9c was expressed in E. coli Rosetta (DE3) pLysS. The cells were grown at 37°C in LB medium with glucose (2 g/liter), kanamycin (30 g/ml), and chloramphenicol (25 g/ml) until the A 600 reached 0.6-0.8. After the addition of IPTG (0.5 mM), the cells were grown for 4 h at 30°C. The cell pellets were collected by centrifugation at 6,000 ϫ g for 10 min and then resuspended in lysis buffer (PBS buffer with 20 mM imidazole, 0.5% Triton X-100, and 2 mM AEBSF, pH 8.0). After sonication on ice, the cell lysate was centrifuged at 15,000 ϫ g for 20 min at 4°C. The supernatant was mixed with nickel-nitrilotriacetic acid-agarose beads (Qiagen, Valencia, CA) in lysis buffer. The mixture was nutated for binding at 4°C for 1.5 h. After binding, the beads were washed with washing buffer (PBS buffer with 50 mM imidazole, pH 8.0). Then the protein was eluted by elution buffer (PBS buffer with 250 mM imidazole, pH 8.0). All purified proteins were examined with 15% SDS/PAGE.
Materials and Methods
Reconstitution of SNARE Proteins in Liposomes. Unilamellar liposomes containing 65:35 (mol/mol) 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)/1,2-dioleoyl-sn-glycero-3-[phospho-Lserine] (DOPS) (all purchased from Avanti Polar Lipids, Birmingham, AL) labeled with 2 mol% DiI (Molecular Probes/ Invitrogen, Carlsbad, CA) were formed by using the extrusion method (MiniExtruder, Avanti Polar Lipids). Sso1pHT was then reconstituted in the liposomes through dialysis. Snc2pF was reconstituted in the same way except that unilamellar liposomes were doped with 2 mol% DiD (Molecular Probes) and 0.1 mol% biotinylated lipids, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(biotinyl) (Avanti Polar Lipids). The fluorescence spectra of DiI and DiD show high similarity to those of Cy3 and Cy5 that are widely used for single-molecule FRET studies (23) (24) (25) . For membrane reconstitution, proteins were mixed with liposomes at 1:100 protein-to-lipid molar ratio with Ϸ0.8% n-octylglucoside in buffer at room temperature for 20 min. Then the mixture was diluted two times with dialysis buffer [25 mM Hepes/100 mM KCl/3% (wt/vol) glycerol, pH 7.4], after dialysis against 2 liters of dialysis buffer at 4°C overnight. After dialysis, the liposome was treated with SM-2 beads and centrifuged at 10,000 ϫ g for 5 min to remove protein and lipid aggregates.
Single-Liposome Fusion Fluorescence Spectroscopy. A quartz slide was coated with 99:1 (mol/mol) PEG/biotin-PEG (Nektar, Huntsville, AL) to eliminate nonspecific binding of liposomes. The quartz slide was then placed at the bottom of a flow chamber and coated with neutravidin. The Snc2pF-reconstituted liposomes were immobilized on the slide through incubation at 160 pM [liposome] for 15 min via specific biotin-neutravidin binding. The Sso1pHT proteoliposomes were mixed with preset amounts of Sec9c that gives Sec9c/Sso1pHT (mol/mol) ϭ 1:1 or 2:1, diluted to a final liposome concentration of 100 pM (corresponding to one proteoliposome in 10 m 3 volume), and injected into the flow chamber to induce fusion on the surface. In the case of fusion in bulk solution, we mixed the Snc2pF-and the Sso1pHT-reconstituted liposomes; 1:1 (mol/mol) and both at 100 pM, with the required amount of Sec9c. The low concentration of the v-and the t-SNARE liposomes minimized multiple rounds of fusion within the reaction time of 30 min. All measurements were made at 37 (Ϯ2)°C in a buffer (25 mM Hepes, pH 7.4/100 mM KCl).
Single fusion events were monitored in a wide-field totalinternal-reflection fluorescence microscope by using an electron multiplying charge-coupled device camera. Details of the wide-field total-internal-reflection fluorescence microscope have been reported (23) . Briefly, an area of Ϸ50 ϫ 100 m 2 was imaged by using an inverted microscope (IX70, Olympus, Melville, NY) that was excited by a frequency-doubled Nd:YAG laser (532 nm; Crystalaser, Reno, NV). The excitation beam was focused into a small pellin broca prism (CVI Laser, Albuquerque, NM), which was placed on top of a quartz slide with a thin layer of immersion oil in between to match the index of refraction. By changing the incident angle of the excitation beam, the total internal reflection at the interface between the quartz slide and aqueous imaging buffer was achieved. Fluorescence signal was collected with a high NA water immersion objective (UPLAPO60XW; Olympus), and the scattered laser light was rejected by a 550-nm long-pass interference filter (E550LP; Chroma Technology, Rockingham, VT). A dichroic mirror with a reflection range of 550-to 630-nm (645DCXR; Chroma Technology) separated the collected fluorescence signal into two beams having different wavelengths, that is, the donor (550-630 nm) and the acceptor (645 nm and above) channels. These two beams were focused on the electron-multiplying charge-coupled device camera (iXon DV 887-BI; Andor Technology, South Windsor, CT). Fluorescence signal was recorded in real time by using Visual Cϩϩ software (Microsoft, Redmond, WA) (the program written by Sean A. McKinney) with time resolution of 100 or 900 ms. Each single fusion event was visually identified and analyzed by using programs written in IDL (Research Systems, Boulder, CO).
One example of such identified single fusion events is shown in SI Movie 1. A program written in MATLAB (Mathworks, Natick, MA) generated the time trajectories of the donor and the acceptor fluorescence intensities and calculated the corresponding FRET efficiency (see the lower panels in SI Movie 1) by using the equation, I A /(I D ϩ I A ), where I D and I A are the donor and the acceptor fluorescence intensities, respectively. The average donor and acceptor fluorescence intensities measured before docking were considered as the background fluorescence for each fusion event and subtracted uniformly from the fluorescence signals. The leakage of donor fluorescence into the acceptor channel (Ϸ17.5% of the total intensity) was then taken into account. Intermediate states of the fusion event, appearing as plateaus in FRET efficiency changes, were visually identified, and the corresponding FRET efficiencies and the dwell times were calculated by using the program written in MATLAB.
